The effect of nolinium bromide [2-(3,4-dichlorophenylamino)quinolizium bromide], which acts as a K+ antagonist in the gastric H+ + K+-dependent ATPase reaction, was investigated at the level of 32P-labelled intermediates of the gastric ATPase reaction. A concentration-dependent effect of nolinium bromide was observed on the concentrations of phosphorylated intermediates. At low (up to 50/M) concentrations the drug did not interfere with the concentrations of intermediates but exhibited a competition with K+ at the level of both 32P-labelled intermediates and hydrolysis of ATP at pH 7.0. Similar competition was noted in the H+ + K+-dependent ATPase reaction. Low nolinium bromide concentrations also drastically slowed the enzyme turnover. The concentrations of the intermediates were lowered appreciably between 50 /tM-and 100 /tM-nolinium bromide without affecting the ATP hydrolysis, and the effects were independent of pH. Similar to the effects at pH 7.0, the drug also exhibited competition with K+ in lowering the E P concentration at pH 5.0. A dramatic effect of pH on the K+-sensitivity as well as on turnover of the 32P-labelled intermediates was observed. Although the concentrations of intermediates remained nearly unaltered at various pH values, the K+-stimulated hydrolysis of ATP showed an optimum at pH 7.0 with sharp declines at pH 5 and 8. The data suggest a critical involvement of H+ in the conversion of the K+-insensitive E1 P into the K+-sensitive E2 P form of the enzyme. Nolinium bromide appears to function as a K+ analogue and seems to block the entry of K+ at the K E2 step, thereby interfering with the enzyme turnover.
INTRODUCTION
Gastric H+ + K+-ATPase located at the secretory membranes of the acid-secreting cells of gastric mucosa has been strongly suggested to act as the biochemical pumping mechanism for the transport of H+ (Forte et al., 1980; Ray & Fromm, 1981) . Studies with purified gastric microsomal vesicles highly enriched in the H+ + K+-ATPase demonstrate an electroneutral antiport of H+ and K+ mediated by the enzyme (Sachs et al., 1976) .
Studies from our laboratory demonstrated that nolinium bromide [2-(3,4-dichlorophenylamino) quinolizium bromide] inhibits the histamine-stimulated gastric acid secretion from the lumen side of the chambered (in vitro) bullfrog gastric mucosa. The anti-secretory effect of the drug could be reversed by an elevation of the concentration of K+ in the luminal or secretory bathing medium, suggesting a competition between K+ and nolinium bromide for the H+-transport process. Similar antagonism between K+ and nolinium bromide was also demonstrated at the level of both the gastric microsomal H+ + K+-ATPase reaction and the gastric ATPase-mediated transport of H+ inside the microsomal vesicles. The present study was conducted with a view to understand further the action and interaction of H++K+-ATPase and nolinium bromide at the level of the partial reactions of gastric H++K+-ATPase. The results obtained demonstrate that up to a concentration of 50 Fmt nolinium bromide competes with K+ for the dephosphorylation step of the H++K+-ATPase. The effects of K+ alone in lowering the concentrations of 32P-labelled intermediates produced at different pH values were found to be variable; K+ was most effective at low (pH 5.0) and least at high (pH 8.0) pH. Nolinium bromide alone did not have any significant effect on the E -P concentration generated at various pH values except at very high concentrations. The H+ + K+-ATPase also showed significant slower turnover in the presence of nolinium bromide compared with the untreated control. The findings suggest a critical involvement of H+ in the conversion of K+-insensitive E1 -P into the K+-sensitive E2-P form. Nolinium bromide appears to block the entry of K+ at the K E2 step and thereby interfere with the enzyne turnover.
A preliminary account of the present work has been reported .
METHODS AND MATERIALS Isolation of gastric microsomal membranes
Dog stomachs were removed after Nembutal anaesthesia. The gastric microsomal membranes were harvested as described previously (Ray, 1978) . All procedures were carried out at 04 'C. Briefly, the fundic mucosa from the dog was desquamated and scraped (Forte et al., 1972) to collect the oxyntic-cell-enriched fractions. The mucosal scraping was homogenized gently in 250 mmsucrose/0.2 mM-EDTA/0.2 mM-Pipes/NaOH buffer, pH 6.8, by using a Dounce homogenizer with a loose pestle. The homogenate was centrifuged at 8000 g for Vol. 241 Abbreviations used: H+ + K+-ATPase, H+ + K+-dependent ATPase; Na+ + K+-ATPase, Na+ + K+-dependent ATPase. * To whom correspondence should be addressed. 5 min. The process was repeated three times. All the supernatants were pooled and layered over 40 ml of 37% (w/v) sucrose in 84 ml-capacity screw-cap tubes and centrifuged at 100000 g for 5 h in a Beckman type 35 angle rotor. The microsomal membrane bands appeared at the interface of the soluble supernatant and 37% sucrose. The microsomal bands were collected, diluted with homogenizing medium, and centrifuged at 100000 g for 90 minutes. The pellet was suspended in the homogenizing medium with a protein concentration of 0.5 mg/ml and used in our study. The protein was determined by the procedure of Lowry et al. (1951) , with bovine serum albumin as standard. Assay of H+ + K+ -ATPase activity
The ATPase activity was assayed by the method described previously (Ray, 1980) with the leaky membranes obtained by freezing and thawing. The incubation mixture contained, in a total volume of 1.0 ml, 50 ,smol of Pipes/Tris buffer, pH 7.0, 2 gmol of MgCl2, 2 ,umol of ATP and 10 jg of membrane protein with and without the designated amount of KCl. Incubations were carried out at 37°C for 10 min and stopped by addition of 1.0 ml of ice-cold 12% (w/v) trichloroacetic acid. The supernatant, after brief centrifugation, was assayed for Pi.
Simultaneous assay of the 32P-labelled intermediates and ATPase activity
The phosphorylated intermediates were assayed as described previously (Ray & Forte, 1976; with broken vesicles. The broken vesicles (1 mg/ml) were obtained by repeated (four times) freezing and thawing of the intact microsomal vesicles in a hypo-osmotic medium containing of 0.2 mM-EDTA and 0.2 mM-Pipes buffer, pH 6.8. The broken vesicles were totally independent of valinomycin for full manifestation of the K+-stimulated ATPase activity. Briefly, the incubation mixtures contained, in a total volume of 0.2 ml, 50 
RESULTS
The data in Fig. 1 show the effects of K+ on 32P-labelled intermediates produced in the absence and in the presence of 25 /M-nolinium bromide. In the presence of nolinium bromide K+ at a concentration of 2 mm showed a significantly smaller effect on the concentrations of 32P-labelled intermediates and hydrolysis of ATP compared with the control membranes. Increasing concentrations of K+ could gradually release such inhibition. The data clearly indicate an antagonism between K+ and nolinium bromide at the dephosphorylation step of the gastric H+ + K+-ATPase reaction, which has been strongly implicated to be involved in gastric H+ transport (Forte et al., 1980; Ray & Fromm, 1981) .
From the previous experiment ( Fig. 1 ), where the membranes were preincubated with nolinium bromide, it is not clear whether addition of the drug after steady-state production of the 32P-labelled intermediates would have similar effects. The data in Fig. 2 show a nearly identical behaviour with respect to K+/nolinium bromide antagonism. However, the initial steady-state concentrations of the 32P-labelled intermediates were found to be consistently lower to a small extent (about 7%) in membranes pretreated with 25-50 ,tM-nolinium bromide (Figs. 1, 4 and 5). The data might indicate a stronger binding of the gastric anti-secretory drug with the high-affinity K+-binding site in the preincubated membranes and thus partially lower the steady-state concentration of E-P.
The effects of K+ and nolinium bromide on the H+ + K+-ATPase reaction were tested. The data (Fig. 3) show a competition between K+ and nolinium bromide for the gastric K+-stimulated ATPase reaction. Thus the affinity of the gastric ATPase for K+ is changed from 1.0 mm to 25 mm and 40 mm in the presence of 25 gMand 50 ,uM-nolinium bromide respectively (Fig. 3 inset) . In separate experiments (not shown) it was found that the Ki for nolinium bromide is about 50/M.
If the nolinium bromide as a K+ antagonist binds relatively strongly at or near the high-affinity K+-binding site when preincubated with the gastric microsomal membranes, as suggested from the data mentioned above, it is expected to have a reflection on the turnover of the 32P-labelled intermediates. The data in Fig. 4 show a significantly slower turnover of the nolinium bromide-treated membranes compared with the controls. It is noteworthy that the affinity constant for nolinium bromide is about 50 pSM (see above), which is significantly higher than the Ka (about 1 mM) for K+. However, both the basal and K+-dependent ATP hydrolyses were appreciably low at pH 5.0 and 6.0, where the sensitivity of the intermediates to K+ was very high. Such lack of correlation appears to be due to a slow turnover of the enzyme at low pH compared with pH 7.0 (Fig. 6 ). Other investigators (Ljungstrom et al., 1984 ) also attributed the low K+-stimulated ATPase activity at pH 5 to slow turnover of the enzyme. The data also reveal that a critical concentration of H+ (about 0.1 ,uM) is essential for the optimal turnover of E P and consequent K+-stimulated release of Pi, since 10-fold lower or higher concentrations of H+ (Figs. Sa and 6) drastically decrease both these parameters.
It is noteworthy that a somewhat analogous effect of pH on the Na+ + K+-ATPase has been reported (Skou & Esman, 1981 (Skou & Esman, 1981) suggested the presence of an ionizable group with pK in the range 6.5-7.0 that appeared to be critical for the transition between E1 and E2 conformations. It was also suggested (Skou & Esman, 1981) that at an alkaline pH (above 9) the Na+ + K+-ATPase protein exists almost exclusively in the E1 form and below pH 5.5 in the E2 form. The present data (Fig. 5) Fig. 5(b) . In these experiments the membranes were mixed with the designated amount ofnolinium bromide and immediately assayed without any preincubation. It may be noted that the drug at concentrations higher than 50 /LM significantly lowered the concentrations of the 32P-labelled intermediates. Such effects of the drug at higher concentrations may be comparable with those pretreated with low volved in gastric H+ transport by the acid-secreting cells !> of fundic mucosa. The H+ + K+-ATPase-mediated transport of H+ has been suggested to occur by an electroneutral exchange with K+ (Sachs et al., 1976) . The high-affinity K+-binding site responsible for enhanced ATP hydrolysis and consequent K+/H+ exchange is accessible from the lumen. Hence the ability of nolinium bromide to inhibit H+ transport from the secretory or \ lumen side of the chambered gastric mucosa and ready reversibility of the inhibition by increased secretory K+ suggested interaction of the luminal high-affinity K+-binding site with the drug. The present study showing competition between K+ and nolinium bromide at the dephosphorylation step of the 32P-labelled intermediates ( Figs. 1 and 2 ) as well as in the H+ + K+-ATPase reaction (Fig. 3) is consonant with that idea. The data clearly suggest that nolinium bromide competes with K+ at the high-affinity K+-binding site and thereby interferes with the phosphatase step of the H++ K+-ATPase reaction (Ray & Forte, 1976 (Im et al., 1984) .
The data reported in the present paper can be explained with the help of a scheme (Scheme 1) for the diates and (b) H+ + K+-ATPase reaction cycle, which has been demonde at the point strated to be in many respects analogous (Wallmark state had been et al., 1980; Ray & Nandi, 1986) to the well-known n bromide; C, Na++K+-ATPase reaction (Post et al., 1969 ,uM) of nolinium bromide (Fig. 1), suggesting stronger binding of the drug with the K+-binding site. Sensitivity of the phosphorylated intermediates produced at pH 5.0 in presence of nolinium bromide to K+ was tested. Similarly to the effects of nolinium bromide on E-P at pH 7.0 (Fig. 1) , the drug demonstrated antagonistic behaviour towards K+ at pH 5.0 (Fig. 7) , suggesting that the E-P forms produced at both pH values are valid intermediates of the H+ + K+-ATPase system.
DISCUSSION
There is much evidence in the literature (Forte et al., 1980; Ray & Fromm, 1981) suggesting that the secretory-membrane-located H+ + K+-ATPase is in- Fig. 4 . Turnover of the phosphorylated intermediates associated with control and nolinium bromide-(NB-)treated microsomal membranes Unlabelled ATP (10 mM) was added at the point indicated by the arrow. Nolinium bromide was used at a concentration of 25 #M. Details of the assay of 32P-labelled intermediates are given in the Methods and materials section.
sites, namely steps 1 and 3 for H+ interaction, on the basis of the following analysis.
Studies with Na+ + K+-ATPase under ATP-free condition (Skou & Esman, 1980a ,b, 1981 and an analogous study with H++K+-ATPase (Bonting et al., 1984) with eosin-conjugated enzyme suggested the existence of an equilibrium between the non-phosphorylated forms of E1 and E2 where E1 alone can accept phosphate directly from ATP. For the former enzyme an alkaline pH has been demonstrated to favour Vol. 241 the E1 (Na+ form) and acidic pH to favour the E2 (K+ form) conformations. In the present study, the demonstration of high sensitivity to K+ of the E P produced by membranes exposed to low pH (pH 5 and 6) is consistent with a similar pH-dependent transition between E1 and E2 in conjunction with another step in the phosphorylation cycle (E1 P to E2 P) dependent critically on pH. Thus phosphorylation of the E1 form producing E1 -P would shift the initial equilibrium (step 1) in favour of E1. Since low pH generates the E P most sensitive to K+ Fig. 6 . Turnover of the steady-state concentrations of E -P produced at different pH values The conditions of E -P production were the same as described in Fig. 4 legend.
( Fig. 5) ATPase under acidic (pH 6.0) conditions (Skou & Esman, 1980a,b) . The differences in the K+-stimulated hydrolysis between pH 5.0 and 7.0 can be explained by a lower rate of conversion of E1 P into E2-P at the former pH. The demonstration of appreciably slow turnover of the E P at pH 5.0 compared with pH 7.0 (Fig. 6 ) is consistent with this idea. The concept of step 3 being an H+-requiring partial step would also be consistent with the fact that at pH 8.0 the steadystate concentration of E-P remains nearly unaltered but the sensitivity of the intermediate to K+ is abolished (Fig. 5) . Near obliteration of the K+-stimulated rate of ATP hydrolysis (Fig. 5) agrees well with the low turnover of the E-P at pH 8.0 (Fig. 6) .
Nolinium bromide at concentrations up to 50 #M does not affect the steady-state rate of E-P formation but competes with K+ at both the H+ + K+-ATPase reaction (Fig. 3) and the K+-dependent decrease in E P concentration ( Figs. 1 and 2) . The data suggest that nolinium bromide reacts primarily with the E2 form of the enzyme. The fact that the breakdown of E P after ATP 'chase' is inhibited by nolinium bromide (Fig. 4) suggests that the drug acts primarily before the loss of Pi in the reaction sequence (Scheme 1). However, pretreatment of the enzyme with low concentrations of nolinium bromide (see the Results section) or treatment with high (100 /M or more) concentrations of the drug (Fig. 5b) produces somewhat smaller amounts of the intermediate, and it is likely that the drug would also act with the non-phosphorylated form of the enzyme, presumably at the level of K E2. Thus nolinium bromide appears to function as a K+ analogue, interact at the high-affinity K+-binding site of the H++K+-ATPase and reversibly tie up the transporter in an inactive complex.
